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Abstract 
The main consideration of methods for application of burn-up credit criticality safety analysis to a spent fuel management system is 
presented. The requirement for validation of the computer code for burn-up credit criticality safety analysis is proposed. Particular 
attention is given to the Ābounding approach” and “analysis conservatism” in burn-up credit criticality safety analysis. 
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1. Introduction 
The criticality safety is a special safety problem of nuclear safety. When fissile material is enriched, the criticality safety 
problem is induced. After that, the criticality accidents will always have the possibility to occur in the fuel manufacture, 
storage, transportation and reprocessing and disposition. Nuclear criticality safety is concerned with preventing the nuclear 
criticality accidents and mitigating the consequences of a nuclear criticality accident. To keep criticality safety, it is always 
asked for less capacity or more space, which is great counter to economic efficiency. The reduction of uncertainties in 
criticality safety margins always improves the economic efficiency for manufacture, storage and transportation of fissile 
materials. 
Traditional criticality analysis assumes that the fissile material is fresh, with non-irradiation, which is usually in its most 
reactive condition. For spent nuclear fuel storage and transport, burn-up credit may be used to allow fuel to be more closely 
packed, reducing space and allowing more fuel to be handled safely. The concept of Burn-up Credit is taking credit for the 
reduction in reactivity due to irradiation of nuclear fuel when the criticality safety analysis is carried out for the spent fuel. 
The reduction is a combinative effect of three: the net reduction of fissile nuclides, the production of neutron-absorbing 
nuclides (non-fissile actinides and fission products) and the production of fissile actinides such as Pu-239 and Pu-241. The 
first two effects contribute the reduction in reactivity and the last effect makes the reactivity increased. It should be clear 
that the burn-up credit is not attempt to reduce the safety margins in criticality safety; it is just to reduce the analysis 
conservatism, in another word, reduce the uncertainties in safety margins by a more accurate safety analysis. This more 
accurate safety analysis requires for more knowledge, more experience and more accurate tools (computer codes). 
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2. Motivation for using burn-up credit 
It is clear that significant cost savings can be realized if credit is taken in criticality safety analysis. The ‘fresh fuel’ 
assumption can be very conservative and result in a significant reduction in capacity for a given storage or cask volume. 
Daya Bay spent fuel storage pool is taken as an example. Using ‘fresh assumption’ and according RCC-P design criterion 
for spent fuel storage, the requests for criticality safety in wet or dry storage facilities are as below. 
Prevention of criticality in the spent fuel storage system is accomplished by the use of physical system, notably an 
appropriate geometrical configuration. The center to center spacing between fuel assemblies in the spent fuel storage racks 
is such that the keff multiplication factor, assuming flooding with pure water and infinite geometry does not exceed 0.95 with 
a full loading of the maximum anticipated enrichment. 
To satisfy this design criterion, the assumptions in the criticality evaluation are as below: 
a) The fuel assemblies have the maximum approved initial enrichment with the highest reactivity in fuel’s lifetime, and 
without the control rods and burnable poison. 
b) In the flooding condition, the moderation should consider as pure water, and the temperature should take the value within 
the design limit which can cause the highest reactivity. 
c) The array of the fuel assemblies can be taken as infinite geometry, or surrounded by a conservative reflector.  
d) The ‘bounding conditions’ should be taken, or the sensitivity study should be carried out to get the adequate uncertainty, 
in order to deal with the mechanical uncertainty. 
e) The effect of structure material and the fixed neutron absorber can be considered. 
f) Unless the double contingency principle is taken, the presence of the boron in the moderation should not be considered. 
This principle shows at least two independent, unlikely and concurrent incidents have to happen to lead a criticality 
accident. 
The final design of Daya Bay spent fuel storage pool has the following character: the center to center of the storage racks 
is 280mm. The neutron absorber is cadmium. Using the fresh fuel assumption with 4.5 wt% initial enrichment, flooding 
with the pure water, a conservative criticality calculation shows keff≤0.95 [1]. 
This analysis is significantly conservative, which greatly limits the capacity of the storage pool. From the economic view, 
the using of burn-up credit is the trend. LingAoII spent fuel storage pool is taken as an example, using burn-up credit, the 
spent fuel assemblies can be more closely packed. The capacity of the storage pool is increased, and some spent fuel 
assemblies with higher initial enrichment can be stored into region-1 of the pool. 
The design criterions for LingAoII spent fuel storage pool are based on HAD102/15 (06/01/2007) and RCC-P with 
application instruction. These criterions preventing criticality accidents in wet storage are as below. 
The criticality accidents must be prevented by the design of the spent fuel storage racks. Considering the fixed neutron 
absorber, including all mechanical and calculational uncertainties and flooding with pure water (without boron), the 
multiplication factor (keff) of the storage racks is not more than 0.95. There are two kinds of storage racks: 
a) The storage racks applied to the spent fuel assemblies assuming non-irradiated, with the maximum reactivity. (Region 1) 
b) The storage racks applied to the spent fuel assemblies for which the burn-up values must be equal or more than the burn-
up value credited in the criticality safety calculation. (Region 2) 
The total capacity of two regions for each unit is 1206 fuel assemblies, which is sufficient for at least 20 year’s amount of 
the spent fuel assemblies. In region 2, the pitch of storage cells is 238mm. The neutron absorbing material is boron stainless 
steel. The spent fuel assemblies which meet the loading criterion of the minimum burn-up value versus initial enrichment 
(burn-up credit). Under the annual fuel management scheme, the minimum burn-up levels of the spent fuel assemblies 
which can be stored in region 2 are as blow: 
Table 1ˊ the minimum burn-up levels of the spent fuel assemblies stored in region 2 
U-235 initial enrichment Burn-up levels˄MWd/tU˅ 
1.8% 5000 
2.4% 12000 
3.1% 22000 
3.2% 24000 
Under the 18-monthes fuel management scheme, the minimum burn-up level is 37100MWd/tU for the spent fuel 
assemblies with 4.45 wt% U-235 initial enrichment (equilibrium cycle) [2]. The analysis shows that the spent fuel 
assemblies from the reactor mostly can be more closely packed in the Region-2. 
Motivation for using burn-up credit in criticality safety applications is generally based on economic considerations. 
Although economics may be a primary factor in deciding to use burn-up credit, other benefits may be realized. Many of the 
additional benefits of burn-up credit may be considered to contribute to public health and safety, resource conservation and 
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environmental quality. Firstly, the capacity improvements by using burn-up credit can avoid or minimize the environmental 
impacts associated with expanding or building new storage pools, dry storage facilities or reprocessing facilities. Secondly, 
higher capacity casks result in fewer shipments, less worker and public exposure, and lower risk possibility for radiological 
accidents. Finally, for disposal of spent fuel, burn-up credit is considered to be a necessity for any viable disposal scheme. 
Ignoring the reduced reactivity from burn-up credit could lead to larger disposal sites and unnecessary use of land [3]. 
3. Application for using burn-up credit 
In practice, the adoption of the burn-up credit approach requires a two-step process: (1) determination of spent fuel 
composition using depletion analysis, and (2) calculation of the multiplication factor for the spent fuel system based on the 
predicted spent fuel composition. The key steps in application of burn-up credit to a criticality safety analysis are the 
following: 
a) Selection and validation of the calculation codes; 
b) Specification of isotopes allowed for consideration; 
c) Isotopic inventory calculations; 
d) Sensitivity analyses for isotopic inventory calculations; 
e) Criticality safety calculations for spent fuel system; 
f) Sensitivity analyses for criticality safety calculations; 
g) Determination of the effect of axial and radial burn-up profiles; 
h) Specification of safety margins, evaluation of the loading criterion; 
i) Analyses for the abnormal and accident conditions. 
3.1. Selection and validation of the calculation codes 
Generally, post-irradiation experiment (PIE) data is used to validate depletion calculations. The predicted concentrations 
of nuclides calculated by codes are compared to measured PIE data, through which the integral calculational bias or the 
isotopic correction factors for each nuclide are determined. SFCOMPO, the Spent Fuel Isotopic Composition Database, was 
originally developed at the JAERI Department of Fuel Cycle Safety Research's Fuel Cycle Safety Evaluation Laboratory. 
Now it is sponsored by Nuclear Energy Agency of Organisation for Economic Co-operation and Development (OECD/NEA) 
and operated by the NEA Nuclear Science Division under the supervision of the Working Party on Nuclear Criticality 
Safety. SFCOMPO provides isotopic composition data via the internet. It archives measured isotopic composition data and 
the values of their ratios, which are required for the validation of burn-up codes. 
The validation of the criticality calculation codes are required to compare with well-accepted benchmarks. These 
benchmarks can be the experimental data or the results from well-accepted code. The experimental data may come from the 
following aspects: 
a) Critical experiments with spent fuel. The spent fuel rods are re-assembled and placed into the criticality experiment 
facility which have similar configuration with the spent fuel storage system. There is a lack of these kinds of data, 
because (1) the spent fuel in the conditions of the storage system is difficult to get critical, (2) the radioactivity of the 
spent fuel make it very difficult to process the criticality experiment. 
b) Reactivity worth measurements for individual nuclides. The second kind of experiment for burn-up credit qualification 
consists in the criticality experiments with fresh fuel mixed with individual fission products. 
c) Criticality data measured from operating reactors. The defect of those kinds of data is the reactor operation conditions are 
unlike the conditions of spent fuel storage system (the conditions including temperature and density, etc.). 
d) Criticality experiments with fresh fuel. Especially the experiments with mixture of uranium and plutonium are valuable 
for the burn-up credit only considering actinides. 
3.2. Specification of isotopes allowed for consideration 
The decision about which isotopes to be used to represent the spent fuel reactivity strongly depends on what level of 
burn-up credit to be applied, which is related to the spent fuel storage system to be analyzed and the accuracy of the 
calculation codes validated by the experimental data. For example, actinides and fission products credit has commonly been 
taken into account for pressurized water reactor (PWR) spent fuel wet storage, but usually actinides only credit is taken in to 
account for PWR spent fuel dry storage. 
The selection of isotopes lies on the reactivity value of the nuclides and their physical and chemical stability. The 
selection of isotopes for the criticality calculations shall observe the following requirements: 
1) All nuclides with significant positive reactivity worth (such as U-235, Pu-239 and Pu-241 etc.) shall be included. 
300   Guoshun You et al. /  Procedia Engineering  43 ( 2012 )  297 – 301 
2) The steady nuclides with negative reactivity worth are allowed to be included, or the half-lives of the nuclides are much 
longer than the lives of the spent fuel management system. 
3) Radio-nuclides with negative reactivity worth, but with half lives not significantly greater than the spent fuel manage 
time are allowed to be included then and only then, if justified by the absorption properties of the daughter products or by 
an analysis of keff as a function of the cooling time. 
4) Nuclides with negative reactivity worth, which are isotopes of elements or relevant compounds being volatile under 
normal operation or accident conditions to be considered, must not be included. 
The calculation bias should be considered by estimating the bias in the neutron multiplication factor of the spent fuel 
facility of interest due to the bias of the concentrations of the isotopes, or by correcting the isotopic concentrations with the 
aid of correction factors derived from comparisons with chemical assay data. 
3.3. Sensitivity analyses for isotopic inventory calculations 
The isotopic concentrations depend on the conditions of the nuclear power plant operation. The depletion conditions are 
characterized by the following parameters: 
1) Specific power and operating history; 
2) Fuel temperature; 
3) Moderator temperature/density; 
4) Presence of soluble boron in the core; 
5) Presence of fixed neutron absorbers in form of control rods, burnable poison rods, axial power shaping rods; 
6) Presence of integral burnable absorbers in the form of Gd or Er bearing fuel rods or IFBA rods (rods containing pellets 
with burnable absorber coating, e.g. B-10 coating). 
If the change of one design or operation parameter can make the neutron spectrum of the reactor core hardening, the 
reactivity of spent fuel will be increased. Spectrum hardening results in an increased build-up rate of plutonium due to the 
increased neutron capture in U-238. The increased plutonium production concurrently leads to a decrease in the U-235 
fission rate due to an increase in the plutonium fission rate and has therefore the effect of increasing the reactivity of the fuel 
at shut-down.the bounding values of all above parameters can be used in the analysis. The bounding values can be gotten by 
sensitivity analyses demonstrating that these values result the maximum neutron multiplication factor of the fuel system of 
interest. 
3.4. Sensitivity analyses for criticality safety calculations 
In the criticality safety calculation, the design tolerance of the fuel assemblies and spent fuel management system would 
both affect the neutron multiplication factor of the fuel system of interest. The design parameters of fuel assemblies are: 
a) Fuel rods specifications 
1) Pellet diameter and density; 
2) Fuel rod diameter; 
3) Cladding material and thickness.  
b) Fuel assembly specifications 
1) Fuel rods number and pitch; 
2) Active fuel length; 
3) Spacer grid and position and dimension; 
4) Guide tube and instrument tube position, dimension and material. 
c) Initial enrichment 
d) Burnable poison 
The design parameters of the spent fuel management system include:  
a) The spent fuel cells pitch 
b) The inner width of spent fuel cells 
c) The mass and thickness of the neutron absorber  
d) The gap between the spent fuel cells 
e) Configuration and material 
The tolerances of those design parameters can be taken as the worst case (bounding value) to keep conservative, i.e. the 
spent fuel management system is resulted the most reactivate. If the bounding value is suitable for some parameters, they 
must be included in the sensitive analyses. 
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3.5. Determination of the effect of axial and radial burn-up profiles 
The radial burn-up distributions may have effect on the multiplication factor of the spent fuel system of interest. It is may 
be not conservative to use the average radial burn-up value to represent the actual distribution. The radial burn-up change is 
essential for assemblies near core boundary. However, if such an assembly is positioned into the inner part of the core after 
a reloading, this change is smoothed. The effect of radial burn-up distributions can be analyzed in sensitivity studies. 
For a spent fuel system, the difference between the system’s neutron multiplication factor obtained by using an axially 
actual burn-up distribution and the system’s neutron multiplication factor obtained by assuming a uniform distribution of the 
averaged burn-up is known as the ‘end effect’. If this effect is positive, then it is not conservative to use average axial burn-
up value. It has been shown that the end effect is negative for a lower averaged burn-up. But as the burn-up increased, the 
system’s neutron multiplication factor obtained by assuming an average axial burn-up is becoming more and more non-
conservative. This boundary value depends on many factors, such as initial enrichment, cooling time, and the isotopes 
adopted [4-5]. 
3.6. Specification of safety margins, evaluation of the loading criterion 
The acceptable safety margin depends on the problem or system under study, i.e. on the conditions to be analyzed. This 
value is always adopted as the value laid down in the regulations. 
The outcome of a burn-up credit criticality safety analysis is usually given in the form of a loading curve. Such a curve 
indicates the minimum burn-up necessary for the spent fuel with a specific initial enrichment to be placed in the spent fuel 
management system of interest. The generation of the loading curve should include all pertinent mechanical and 
calculational uncertainties. 
3.7. Analyses for the abnormal and accident conditions 
In criticality safety analysis, all possible accidents and the events followed should be considered. In the accidental 
analysis, the double contingency principle is adopted, which means at least two independent, unlikely and concurrent 
incidents have to happen to lead a criticality accident. The double contingency principle is always revealed as an actual 
condition. For example, the soluble boron in the spent fuel pool coolant losing can be regarded as an accidental condition, 
so it can be considered to take partial credit for boron when the accident independent with boron losing accident is analyzed 
[6]. 
4. Conclusions 
It is shown that when the burn-up credit is adopted in the storage, transportation and reprocessing and disposition of the 
spent fuel, there will be a great economic benefit. Many of the benefits of burn-up credit also contribute to public health and 
safety, resource conservation and environmental quality. The most important task of burn-up credit analysis is generation of 
a loading curve of the minimum burn-up value versus initial enrichment and taking all mechanical and calculational 
uncertainties. In this procedure, more attentions should be given to the ‘bounding approach’ and ‘analysis conservatism’. 
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